Abstract-The spectral characteristics of a semiconductor laser are altered by injecting additional noise current into its currentdrive port. A continuously varying spectral linewidth from about 5 MHz to above 100 MHz is achieved experimentally in this semiconductor laser. The conditions under which the line shape changes from a standard Lorentzian shape to a Gaussian shape as functions of laser power and noise current are investigated and compared with an existing theoretical treatment.
I. INTRODUCTION

S
EMICONDUCTOR lasers are widely used in many areas of atomic physics research, such as atomic trapping and atomic spectroscopy [1] - [4] . The spectral characteristics of laser sources such as linewidths and line shapes have great significance in the study of atom-laser interactions. There are a number of factors which can influence the linewidth and the line shape of a semiconductor diode laser. For example, the linewidth, line shape, and frequency stability depend on the temperature of the laser, the dc bias current across the heterostructure, and the random fluctuations inherent to that bias current. It is important in many applications of semiconductor lasers to have as narrow a linewidth as possible. Normally, a diode laser is temperature and current stabilized to maintain the frequency stability and a linewidth below a few megahertz to 40 MHz, depending on the specific laser model and stabilization technique. A great deal of research has gone into developing methods to further reduce linewidths of semiconductor diode lasers with optical feedback techniques [1] , [2] , [5] , [6] . The influences of temperature and dc bias current (and therefore output power) on the linewidth of a diode laser driven by a current with a small amount of intrinsic noise were studied in detail by several groups, both experimentally [7] - [9] and theoretically [8] - [10] ; it has also been suggested that the increased current fluctuations of a noisy power supply may be partially responsible for linewidth broadening in distributed Bragg reflector (DBR) lasers [11] . Later, Agrawal and Roy developed a new theoretical treatment, which improved some assumptions used in earlier theoretical models for treating injection-current fluctuations [12] . For example, Agrawal and Roy assumed a non-Markovian random Manuscript received January 30, 1997; revised July 17, 1997. This work was supported by the Office of Naval Research and the National Science Foundation.
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Publisher Item Identifier S 0018-9197(97) 07813-5. process for the injection-current fluctuations, which modifies the noise force terms in the Langevin equations. With these modifications, they developed a complete theory to calculate the linewidth and line shape of a semiconductor laser, with laser output power and noise current as parameters. For different values of power and noise current, the linewidth and line shape of the semiconductor laser can be quite different.
In this paper, we present detailed experimental studies of the linewidth and line shape of a typical semiconductor diode laser as a function of noise current for different laser powers, paying particular attention to the power-independent contribution to the line shape function, which becomes dominant for sufficiently high powers (this is a sort of saturation phenomenon). In our experiments, the rms amplitude of the current fluctuations is a continuously variable parameter. We found that with a modest increase of noise current added to the injection current driving the laser, the linewidth can be continuously changed from its free-running value of a few megahertz to above 100 MHz. The line shape of the output field changes from a standard Lorentzian shape to a Gaussian shape as the noise current increases. These experimental results are in good agreement with the theoretical calculations of [12] . Our study of this linewidth modification has been motivated by the need for a laser source that can have a continuously changing linewidth from below the natural linewidth of an atomic transition (6 MHz for the rubidium D2 line) to well above it. The previous work on a semiconductor laser source with a continuously varying spectral linewidth using external modulation techniques can only achieve a linewidth tunable range of 100 kHz-5 MHz [13] , which would not be enough for our applications.
In Section II, we will briefly review the main theoretical results given by [12] that are relevant to our experiments and deduce some simple equations that apply to our experimental conditions. In Section III, we describe our experimental arrangement and conditions. In Section IV, the experimental measurements on linewidths and line shapes for different dc bias current and noise current combinations are presented and discussed. Section V serves as a conclusion.
II. THEORETICAL BACKGROUND
It is known that the linewidth of a semiconductor laser beam decreases as the laser power increases. Intuitively, one would expect that the linewidth would increase with an increase in the driving current fluctuations. Not only is this the case, but it will be shown that the increase in linewidth due to fluctuations in the driving current is actually accelerated at lower laser 0018-9197/97$10.00 © 1997 IEEE powers (or dc bias currents). Furthermore, a metamorphosis of the line shape from the standard Lorentzian profile for a laser to a Gaussian profile occurs when a sufficient amount of noise is added, even for low powers close to threshold.
We use the expression for the line shape given by Agrawal and Roy [12] , which is similar to the models in earlier theories based on Langevin equations. The Langevin equations are solved analytically for the phase variance, using a linearization procedure centered at the steady-state average values of the phase, carrier number, and photon number. The spectrum, then, is the Fourier transform of the resulting autocorrelation function for the phase. One of the notable modifications in their theory is the inclusion of an extra Langevin force term describing the current fluctuations. The resulting carrier fluctuations are considered to be non-Markovian. The justification is that the photon lifetime is shorter than the time scale of the carrier fluctuations. For this reason, the behavior of subsequent photons will be correlated to previous carrier fluctuations, and therefore, to previous photon fluctuations. The resulting expression for the line shape is (1) where and are given by and (2) where is the gain, is the absorption coefficient [14] , is the standard deviation of current fluctuations, is the spontaneous emission factor, 3 10 , where is the average output power in mW, and the carrier charge is taken to be positive. The remaining parameter is the decay rate of photon number fluctuations and is of the form
The factor represents spectral hole burning effects and causes a small gain suppression [15] . The importance of this term will be clarified in the following discussion.
Several approximations are required for the development of this expression for . First, it is necessary to assume that the frequency of the relaxation oscillations in the semiconductor is much larger than the decay rate of the carrier and photon fluctuations. This is safe, since the ratio is on the order of 10 . Similarly, the gain is assumed to be much larger than the decay rate of the carrier fluctuations. We can also neglect contributions to due to shot noise. Any shot noise contribution is insignificant compared to the remaining term, which represents spontaneous emission. The parameter which we will be primarily concerned about is , which appears exclusively in . It is clear that for a given frequency, the spectral width and shape will change according to the carrier fluctuations, relative to the size of the spontaneous emission term . The significance of , then, is to scale the behavior of the line shape and will determine how quickly the shape tends toward a Gaussian.
When is small (corresponding to low current noise), . In this limit, the expression for the line shape can be written as (4) which is a modified Lorentzian with a linewidth (FWHM) of (5) where LN stands for "low noise" [HN, then, will stand for "high (large) noise"]. On the other hand, if there is a sufficient amount of fluctuation in the current, we have , and the line shape becomes a Gaussian (6) with a linewidth of (7) We see then, that as the current fluctuations are increased, the line shape should tend from the standard Lorentzian to a Gaussian. The rate at which the linewidth increases is according to the square of the fluctuations for low values of , but as the noise becomes larger, the dependence becomes linear. Note that, since the coefficient of in (7) is inversely proportional to , an increase in should have a more dramatic effect at lower powers. In fact, the equation for the modified Lorentzian linewidth predicts that a plot of linewidth versus carrier noise for different powers should have different slopes. Of course, since and depend on as well, a Gaussian line shape can also be obtained by operating the laser at a sufficiently high power [12] . Using the values from Section IV and references, however, a simple calculation reveals that the power would have to be on the order of several watts to reach that point, while we will see in the next section that even a few microamperes of noise can cause significant changes in line shape at much smaller output powers. Consider, however, the influence of different powers on the relationship between and the line shape. As is increased, and both decrease. But for sufficiently large powers, approaches the steady-state value (8) while continues to decrease, approaching zero. This means that for larger powers, although the rate at which the linewidth is increasing with is decelerating, the rate of transformation of the line shape from Lorentzian to Gaussian is accelerating. Now we can see why the presence of is so important. Without the spectral hole burning effect, the second term in would be zero. In that case, would be proportional to and would approach zero with the power. The important second term, however, cancels with the and gives rise to (8) . This allows the possibility for the power-independent broadening in (7) caused by the injection-current fluctuations. All of these characteristics are investigated experimentally, as described in the next section, and then compared with the theoretical results described above.
III. EXPERIMENTAL ARRANGEMENT
The experimental setup is shown in Fig. 1 . We used an AlGaAs quantum-well semiconductor laser by Hitachi, model HL7851G, which was current and temperature stabilized in order to minimize unwanted noise sources and mode hopping. The commercial power supply, along with the current stabilization circuitry, is represented by "DC Power Supply" in the figure. In order to create current fluctuations in the laser diode that we could control, we used a function generator (Stanford Instruments, Inc., model DS345) in parallel with the DC power supply. This function generator has a random rmsamplitude-noise output option, which is designed to create a flat noise spectrum from 0 to 10 MHz (colored noise). The noise amplitude could be varied to obtain the variety of values used to obtain our data. An optical isolator was placed immediately after the laser's collimating lens in order to eliminate any optical feedback. The Fabry-Perot optical cavity was used to determine the spectral characteristics. The cavity length was about 10 cm and consisted of two confocal mirrors. The bandwidth was less than 5 MHz, and the finesse was measured to be at least 150. A PIN silicon photodiode was used as a detector, and the signal was recorded on a digital oscilloscope without further amplification or electronic modification. The highly polarized nature of the laser beam allowed us to use a rotatable plate polarizer as a variable attenuator. This was adjusted so that the detector would not be saturated, while still allowing us to have control over the injection-current, and therefore, the output power. The laser temperature was set at 36.4 C (room temperature was 25 C), and was fixed for the duration of the experiments. The scanning rate of the Fabry-Perot optical cavity was set at 50 Hz and was also fixed. Fig. 2 shows the influence of the added injection current fluctuations on the linewidth of the semiconductor laser for two different values of laser power. The threshold current for this laser is 43.43 mA. The laser output power of 3.62 mW (dc injection current 50.0 mA) was chosen in order to study the behavior with as low a power as possible, without including extra noise sources due to near-threshold effects. The second power value, 28.7 mW, corresponds to an injection-current value of 100.0 mA, twice that used to generate 3.62 mW. Clearly, the effect is dramatic. The linewidth increases from about 5 MHz (the limit of the F-P cavity) to about 60 MHz for noise currents (rms) of 54 A ( 50.0 mA) and 75 A ( 100.0 mA). Linear curve fits were made for the data points in the regions above approximately 20 A. The close matches of the fits demonstrate that the semiconductor laser is in the large noise regime, even when the fluctuation is as low as 17 A. Equation (5) predicts that the linewidth will depart from the linear and become quadratic for small values of . For this reason, the linear fit is not valid for data points corresponding to less than about 17 A, explaining the unusual deviation of the data points near the origin. Equations (2) and (7) predict, on the other hand, that the linewidth is proportional to for large values of . This suggests a relationship between the current fluctuations and the carrier fluctuations. This possibility will be tested later in this section by establishing a relationship between (which is proportional to ) and for the purpose of line-shape curve fits. The difference in the slopes of the curves for the different powers is also anticipated. According to (3) and (7), the linewidth has the form (9)
IV. MEASURED LINEWIDTHS AND LINE SHAPES
The inverse square power dependence acts as a scaling parameter, so that the influence of on is more dramatic at lower powers. Clearly, the slope should decrease as the power is increased, until the first term becomes negligible and approaches the limiting value defined by the second term in (9) . Although it appears that the linear fit predicts a different intercept for the two powers, this cannot be inferred from (2) and (7), which predict that both should go to zero. We attribute the fact that they do not go exactly to zero experimentally to the bandwidth limitation of the F-P cavity. The Gaussian limit, however, was never intended for such low values of power and noise amplitude. The low noise limit, on the other hand, shows that there will be a nonzero intercept. Equation (5) predicts, of course, that this will be equal to the value of the linewidth with no current fluctuations ( 0). Since a relationship between the current fluctuation and the standard deviation of carrier fluctuations is very difficult to measure accurately by experiment, a linear curve fit is made to the large noise region in Fig. 2 , and then compared with (7) to obtain a direct relationship between and by setting the two expressions for
[from the experimental curve fit and the theoretical prediction of (7)] equal. This information will be used to generate accurate curve fits based on (1) for the line shapes later in this section. Fig. 3 consists of Lorentzian and Gaussian curve fits for a laser power of 3.62 mW and different amounts of added current fluctuation. All curve fit figures in this paper are normalized to Fig. 3(a) for the sake of comparison. Note that a certain amount of vertical offset was necessary to display the plots in a semi-log format, and the vertical scales are for relative comparison only. Relative amplitude fluctuations in the experimental curves are due to technical noise sources, including mechanical and temperature fluctuations and the AM modulation associated with phase noise. In Fig. 4 , the laser power has been increased to 28.7 mW, with all other parameters left unchanged. Although the relative amplitude fluctuations are less apparent, there is a slight step-like quality to the experimental plots, near the base. This is due to a limit in the voltage resolution of the oscilloscope that shows up when the data is reformatted from a linear to a semi-log plot and is not due to any experimental phenomena.
Consider first the case with no added current fluctuations, as illustrated in Fig. 3(a) . At such a low power, the line shape is obviously near Lorentzian, but at a higher power [ Fig. 4(a) ], the shape falls somewhere in between a Lorentzian and a Gaussian, and neither Lorentzian nor Gaussian fits are good.
The deviation from a Lorentzian line shape is even more pronounced when noise is added, and a composite line shape fit will be made in that case. Although, as mentioned earlier, the laser power must be quite large before the line shape is strictly Gaussian, we see that a typical semiconductor laser is not truly Lorentzian in general, even when carefully stabilized. This characteristic shape cannot be due to any alteration by the F-P cavity, since that, too, has a Lorentzian transmission profile, and could not transform the shape into a Gaussian one. In Figs. 3(b) and 4(b), a noise current of 13 A has been added to the driving current. This value was calculated by adding a small resistor in series with the diode laser and measuring its rms voltage under experimental conditions. The injected noise is flat over 10 MHz and the impedance of the circuit is frequency dependent, however, it was found that the impedance varied little over the region of interest. Nevertheless, the additional resistor certainly has an effect on measurements, and the values for given here are approximate. In Figs. 3(c) and 4(c) , the noise has been increased to 20 A. Continuing on to larger fluctuations, the noise has been increased to 25 A in Figs. 3(d) and 4(d). Although the output powers are the same in the two figures, the contrast between Fig. 4(c) and (d) shows that the line shape has become more Gaussian, as predicted. The fact that the transition to a Gaussian as a function of current fluctuations occurs more rapidly at higher powers is simply due to the presence of in the expression for . At low powers, , while at high powers, it becomes power independent. The line shape, unlike the slopes discussed earlier, is not determined by alone, but also by the ratio . From (2), we have (10) Recalling that the line shape becomes Gaussian for , we see that acts again as a scaling parameter, but in this case, the ratio is proportional to the power. For larger powers, the line shape will tend toward a Gaussian more rapidly as a function of . This is confirmed by inspection of the figures.
Note that although (10) predicts that a Gaussian shape is possible for , several of the approximations made in calculating the spectrum may not be valid in this limit, for example, the claim that the gain is much larger than the decay rate of photon fluctuations; nor could we neglect the shot-noise contribution to the linewidth. For these reasons, and because such low powers would possibly introduce additional near-threshold noise sources, this case is not investigated here.
In Fig. 5 , the experimental plots from Figs. 3(b) and 4(b) have been refitted according to the line shape given in (1). The spectrum is sensitive to all of its parameters, and each one can have a noticeable effect on the linewidth and line shape. Unfortunately, it is difficult to obtain accurate enough values for these parameters; sometimes, order of magnitude values are all that are available, and this is not sufficient for a good fit. For this reason, typical values were taken from several of the references [8] , [9] , [12] , and used as curve fitting parameters. Although we are guaranteed a match in the linewidths of the experimental and theoretical curves by fitting in this way, we are only concerned at this point with verifying the accuracy of (1) in terms of line shape and the dependencies of the spectral characteristics on and, to a lesser extent, the output power. In Fig. 5(a) , we used 6.7 10 and 12 A. The values in Fig. 5(b) are the same, except that we used 7.0 10 (the gain is a function of injection current and will therefore change as the power changes), and 12.5 A. The values for were taken from the linear curve fits in Fig. 2 , as explained earlier in this section. A small difference in the values for was necessary for the accuracy of the curve fits, but both values remain within experimental error. The agreement between experiment and the composite line shape of Agrawal and Roy is quite good and fits the experimental curves much better than the line shapes at the low-noise limit of (4) (Lorentzian) and the large-noise limit of (6) (Gaussian).
The two limits of (1) suggest a connection with the Voigt profile typical of laser systems susceptible to inhomogeneous broadening. It turns out that they have the same form. The Voigt profile is a convolution of a Lorentzian and a Gaussian line shape, and the final expression has the form [16] (11) where is here the HWHM of the Lorentzian contribution and is the rms width of the Gaussian contribution. Comparing this expression with (1), we see that and are proportional to the Lorentzian and Gaussian contributions to the linewidth of the Voigt profile, respectively, as suggested by (5) and (7).
V. CONCLUSION
We have discussed experimental investigations of the linewidth and line shape dependence of a semiconductor laser on the fluctuations in the injection current. A suitable theoretical model was discussed and compared with empirical data with good agreement. It was found that as the current fluctuations are increased, the linewidth increases with a quadratic dependence when the current fluctuations are very small, but becomes linear for larger noise currents. This increase in linewidth with current fluctuations is more rapid at lower powers. Furthermore, the line shape evolves from a Lorentzian to a Gaussian with increasing current fluctuations, for even small output powers. It is suggested by Agrawal and Roy [12] that the results of Mooradian [8] , [9] imply that current fluctuations can be a possible source of carrier fluctuations, which are the cause of the spectral effects seen here and in the results of Mooradian and coworkers. The evidence presented in this paper tends to confirm that supposition and verifies the accuracy of the existing theoretical model.
As a final note, it has been commented that the method used in this paper to create a variable linewidth creates not only FM noise, but also AM noise in the laser field [13] . While it is agreed that they are difficult to distinguish in atomic interactions, our purpose is not to study the nature of the noise in the field itself, but rather to investigate the influence of the kind of noise that might show up, intentionally or unintentionally, in a number of experiments in atomic physics and quantum optics, such as electromagnetically induced transparency (EIT) [3] , [4] , [17] , and lasing without inversion (LWI) [18] , [19] . Both depend critically on the linewidth of the lasers used, and it is important to understand the effects that the injection-current fluctuations have on the atomic coherence. For example, in studying EIT in a three-level atomic system, one can use such a laser source to measure the dependence of atomic coherence on the laser linewidths of the coupling and probe lasers [17] . Another example is to use a broad-spectrum (linewidth of about 40 MHz) diode laser as an incoherent pumping light source in the experiment of LWI. One might want to study the gain property as a function of the linewidth of the "incoherent" pumping source. Many other interesting experiments in atomic physics could be realized with a laser source of varying linewidth of this kind.
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